How does long-term training and the development of motor skills modify the activity of the primary motor cortex (M1)? To address this issue, we trained monkeys for ~1-6 years to perform visually guided and internally generated sequences of reaching movements. Then, we used [ 14 C]2-deoxyglucose (2DG) uptake and single-neuron recording to measure metabolic and neuron activity in M1. After extended practice, we observed a profound reduction of metabolic activity in M1 for the performance of internally generated compared to visually guided tasks. In contrast, measures of neuron firing displayed little difference during the two tasks. These findings suggest that the development of skill through extended practice results in a reduction in the synaptic activity required to produce internally generated, but not visually guided, sequences of movements. Thus, practice leading to skilled performance results in more efficient generation of neuronal activity in M1. npg npg This material is based on work supported in part by the Office
a r t I C l e S The development of motor skill involves a gradual transition from sensory-driven responses to highly integrated patterns of behavior that rely on anticipatory planning 1, 2 . Large amounts of practice are commonly required to achieve this transition to the internal generation of movements and to maintain a high level of performance. In humans, expert performance on a motor task is acquired through years of training and is associated with changes in the structural and functional organization of the cortical motor areas 3 . For example, the volume of M1 and of premotor areas is larger in professional musicians compared to amateurs or nonmusicians 4, 5 . Similarly, the sensory and motor representations of the body parts used for skilled performance are enlarged in professional musicians 6, 7 .
Paradoxically, some studies using functional magnetic resonance imaging (fMRI) show that cortical activation (blood oxygenation level-dependent (BOLD) contrast) is decreased after long-term training. Specifically, the functional activation observed in premotor areas or M1 during the performance of various sequential tasks is reduced or becomes more focused in professional musicians compared to amateurs or nonmusicians [8] [9] [10] [11] [12] . The reduced activation in highly skilled performers is often taken as evidence for "increased efficiency of the motor system" and the need for a smaller number of active neurons to perform a given set of movements [9] [10] [11] . Others have argued that lower levels of activation are the product of reduced attention or task difficulty 13, 14 . In addition, elevated activation at rest seen in skilled performers may mask task-related activation in M1 in traditional 'task' versus 'rest' contrasts 15 .
A fundamental difficulty with the interpretation of functional activation associated with skilled performance is that the level of neuron discharge during the task is unknown. It is unclear how the decreases in functional activation observed in humans relate to changes in neuron spiking. The firing rate and other response properties of neurons in M1 and the premotor areas are altered by motor learning [16] [17] [18] [19] [20] . However, to our knowledge, functional activation and neuron firing rate have not been previously measured during the same motor task. Thus, it is not possible to evaluate whether motor learning and the development of skill modify the efficiency of neural processing.
Here we examined the consequence of practice-dependent motor learning on the metabolic and neuron activity in M1 of monkeys who had extensive training (~1-6 years) on sequential movement tasks. We assessed both measures of activity during the performance of visually guided and internally generated sequences of movements. This comparison captures the extreme stages in the continuum of learning a motor skill from sensory-driven responses to highly skilled performance. We observed a profound reduction of metabolic activity in M1 for performance of internally generated compared to visually guided tasks. In contrast, measures of neuron firing were similar during the tasks. Thus, our results provide direct evidence for a widespread alteration in the relationship between metabolic activity and neuron activity associated with practice on a skilled sequence of movements. This decoupling of metabolic and neuron activity implies that practice leading to skilled performance results in more efficient generation of neuronal activity in M1.
RESULTS

Experimental groups
We trained ten monkeys to perform two of four sequential reaching tasks (Track, Rem, Random and Repeating; Online Methods). In all cases, we rewarded the monkeys for contacting targets displayed at arm's length in the frontal plane. In the Track and Random tasks, each reaching movement was instructed by a visual cue. We refer to these a r t I C l e S tasks as the 'visually guided' tasks. In the Rem and Repeating tasks, the monkeys produced sequences of movements that were learned through practice and internally generated from memory. We refer to these tasks as the 'internally generated' tasks. During the Track (visually guided) and Rem (internally generated) tasks, three correct movements were followed by an intertrial interval. During the Random (visually guided) and Repeating (internally generated) tasks, movements were performed continuously. We trained two additional monkeys on a Lick task in which they received rewards without performing arm movements (Online Methods).
We used the [ 14 C]2DG labeling technique 21, 22 to examine the pattern of metabolic activity in the arm representation of M1 ('arm M1'; Fig. 1a ) during each task (Track, n = 2; Rem, n = 2; Random, n = 3; Repeating, n = 3; and Lick, n = 2). We also recorded single-neuron activity in arm M1 during the Random and Repeating tasks 20 (n = 2). One of these monkeys performed the Random task during the subsequent 2DG experiment ('2DG-Random' monkey, N15). In this monkey, we performed neuron recording over 6.7 months and carried out the 2DG experiment 26 months after the end of recording. The other monkey performed the Repeating task during the 2DG experiment ('2DG-Repeating' monkey, N14). In this monkey, we performed neuron recording over 7.9 months and carried out the 2DG experiment 1 month later. Results were highly consistent within groups. In particular, the pattern of 2DG uptake in the monkeys subjected to neuron recording was comparable to that observed in the other monkeys for the same task. Thus, prior neuron recording did not influence results of the 2DG experiments.
Patterns of activation in M1
In monkeys that performed the Lick task, we observed two main sites of 2DG uptake in M1 ( Fig. 1b) . One was located laterally in the face representation and was related to the consumption of liquid rewards. The second site was located medially in the lower body representation and was related to the maintenance of posture in the primate chair. Similar activations were present in monkeys that performed the Track, Rem, Random and Repeating tasks because they regularly licked for fluid rewards while they were seated in a primate chair. In contrast, uptake of 2DG in the arm area of M1 was low in monkeys that performed the Lick task ( Fig. 1b and Table 1 ). In fact, the average uptake of 2DG in arm M1 was not significantly different (<3 s.d.) from background uptake in the Lick monkeys.
We compared average uptake of 2DG in arm M1 on the precentral gyrus and in the anterior bank of the central sulcus during the tasks (Figs. 1b, 2 and 3; two-way ANOVA with post hoc comparison of means and Bonferroni correction). Task was a significant factor for uptake of 2DG in arm M1 (d.f. = 4, 14, P < 0.01 × 10 −4 ), as was area (gyrus, sulcus) (d.f. = 1, 14, P = 0.02). There was no interaction between task and area (d.f. = 4, 14, P = 0.48). Compared to the Lick task, there was marked uptake of 2DG in arm M1 during visually guided reaching movements (Figs. 2a,b and 3a,b, and Table 1 ; ANOVA, d.f. = 4, 14; Track versus Lick, P = 0.01 × 10 −4 ; Random versus Lick, P = 0.05 × 10 −4 ).
In contrast, during internally generated reaching movements, limited uptake of 2DG was present in arm M1 (Figs. 2c,d and 3c,d, and Table 1 ). Indeed, average uptake of 2DG in arm M1 during internally generated movements was not significantly different from the uptake during the Lick task (ANOVA, d.f. = 4, 14; Rem versus Lick tasks, P = 0.67; Repeating versus Lick tasks, P = 0.35). This observation is surprising given the absence of arm movements during the Lick task and the prolonged use of the arm during the Rem and Repeating tasks. These results indicate that the manner of generation of movement rather than movement per se determines the extent of 2DG uptake in M1during the performance of sequential arm movements.
Later we will argue that the notable differences in uptake of 2DG associated with the visually guided and internally generated tasks are due to the practice required to develop skill on the internally generated sequences. This argument depends, in part, on the demonstration that the differences in uptake of 2DG are not a function of simple variations in task performance or other task-related variables. Measures of performance and task parameters are listed in Supplementary Tables 1 and 2. None of the variables measured, including number of movements performed, movement rate, number of rewards, reward rate and average movement speed could individually or jointly account for the differences in uptake of 2DG between monkeys or task categories ( Supplementary Fig. 1 ). For example, there was no significant difference in the average movement rate during the Track and Rem tasks (ANOVA, d.f. = 3, 6; P = 0.77, Bonferroni-corrected), yet average uptake of 2DG in arm M1 was much greater in the Track task than in the Rem task (ANOVA, d.f. = 4, 14; P = 0.015 × 10 −3 , Bonferronicorrected). In contrast, the average movement rate during the Random task was significantly less (by 49%) than that during the Repeating npg a r t I C l e S task (ANOVA, d.f. = 3, 6; P = 0.022, Bonferroni-corrected). In contrast, uptake of 2DG in arm M1 during the Random task was significantly greater than during the Repeating task (ANOVA, d.f. = 4, 14; P = 0.046 × 10 −3 , Bonferroni-corrected). Thus, there was no simple correlation across tasks between uptake of 2DG and rate of movement or other performance parameters.
The high spatial resolution of 2DG uptake (~50-90 µm) allowed us to compare both the local peak intensity and the spatial extent of activation during visually guided and internally generated reaching movements. We measured local peak activation in 2 mm 2 areas of interest. Peak activation during internally generated movements was nearly half of that observed during visually guided movements ( Fig. 4a) . Similarly, the area activated during internally generated movements amounted to only 22-35% of that activated during visually guided movements (Fig. 4b) . In essence, large portions of arm M1 (up to 86% in individual monkeys) were devoid of task-related activation during the two internally generated tasks.
We examined whether the duration of practice on a task had an effect on the peak of activation in arm M1. Monkeys practiced visually guided reaching movements for 12-74 months (Track task, n = 2, 16-18 months; Random task, n = 3, 12-74 months). For these tasks we saw no evidence that the duration of practice had an effect on the peak amplitude of activation in M1 either on the precentral gyrus or in the central sulcus (linear regression, r = −0.17 and −0.33; ANOVA, d.f. = 1, 3, P = 0.79 and 0.59).
The duration of practice did, however, have an effect on the peak activation (in the central sulcus) for monkeys that performed internally generated movements. Our monkeys practiced internally generated reaching movements for 7.4-39 months. The peak activation in M1 for monkeys with less practice averaged 39% (7.4-8 months practice, Repeating task, n = 2; Fig. 3c ). In contrast, the peak activation for monkeys with more practice averaged 21% (31-39 months practice, Repeating task, n = 1 and Rem task, n = 2; Figs. 2c,d and 3d). Altogether, peak activation in M1 was inversely related to the duration of practice on internally generated movements (linear regression, r = −0.91; ANOVA, d.f. = 1, 3, P = 0.01). Although the number of observations is limited, this strong association suggests that the peak activation in arm M1 declined in relation to the amount of practice on an internally generated sequence.
Comparison of activation patterns and neuron activity
Our observation of a relative decrease in uptake of 2DG in arm M1 for highly practiced sequences of movements raises a fundamental question: is there a similar decrease in neuron activity in M1 for highly practiced sequences of movements? To answer this question, we recorded the activity of M1 neurons in two monkeys as they performed the Random and Repeating tasks. Then, we performed a 2DG experiment in the same monkeys to compare directly neuron activity and 2DG uptake. We have previously reported recordings of singleneuron activity in these monkeys during the Random and Repeating tasks 20 . Briefly, we recorded 234 task-related neurons in the proximal arm representation of M1. Many task-related neurons exhibited comparable changes in activity during the two tasks. However, 40% of the task-related neurons were differentially active during the two tasks: 27% exhibited enhanced activity during the Repeating task (for example, neuron 4 in a r t I C l e S activity during the Random task. The discovery of such a substantial number of differential responses was part of the motivation for exploring the patterns of metabolic activity in the same monkeys during the Random and Repeating tasks. We compared the topographic distributions of neuron activity and 2DG uptake. For this analysis, we included electrode penetrations placed not only in the proximal arm representation of M1 but also in adjacent regions of M1 (for example, finger and wrist representations). To achieve a comprehensive sample, we included every well-isolated neuron, task-related or not, in this analysis. In the 2DG-Random monkey, our analysis is based on 214 neurons recorded in 52 penetrations ( Fig. 7a) . In the 2DG-Repeating monkey, our analysis is based on 504 neurons recorded in 95 penetrations (Fig. 7b) . In both monkeys, neurons recorded in electrode penetrations throughout arm M1 displayed activity that was well-modulated during the Random and Repeating tasks. We illustrate these observations in Figures 5 and 6 for the 2DG-Repeating monkey (see also Supplementary Figs. 2-5). We defined the average firing rate for each neuron sampled during a task and then generated a group average firing rate for all the neurons sampled.
For the 2DG-Random monkey the group average firing rate was 18.5 ± 13.6 spikes s −1 (± s.d.) during the Random task and 20.1 ± 14.4 spikes s −1 during the Repeating task. We also examined the relationship between local neuron activity and metabolic activity during the Random task. We did this by regressing average uptake of 2DG within a 50-µm radius centered on the location of electrode penetrations against the average firing rate for the neurons recorded in the penetrations during the Random task. Our analysis revealed a modest, but significant positive correlation between local uptake of 2DG and local average firing rate (linear regression, n = 50, r = 0.44; ANOVA, d.f. = 1, 48, P = 0.014 after Bonferroni correction; Online Methods and Fig. 7c ). Thus, as expected [23] [24] [25] [26] , we found a relationship between local 2DG uptake and local neuron activity for the 2DG-Random monkey. For the 2DG-Repeating monkey, the group average firing rate was 17.6 ± 14.9 spikes s −1 during the Random task. The group average during the Repeating task Figure 5 Single-neuron activity in a penetration through an area of high 2DG uptake (monkey N14). The rasters and histograms illustrate the activity of four neurons (labeled #1-#4) recorded in penetration location "a" in Figure 3d . Uptake of 2DG at this site was relatively high (20%). Each dash in the raster is a spike. The rasters and histograms show the activity for the same specific movements during the Random and Repeating tasks. Rasters and histograms are aligned at the time of target contact (filled circles) or release (filled triangles). The numbers above the rasters at time 0 indicate which target was contacted (or released). The number of trials included in the histograms is indicated above the rasters. The rasters are limited to 12 trials. Histogram bin width, 10 ms. npg a r t I C l e S was 16.6 ± 14.7 spikes s −1 . Although this value is slightly less than the group average for the 2DG-Random monkey during the Random task (18.5 spikes s −1 ), the total neuron activity generated during the two 2DG experiments was not significantly different (Mann-Whitney U = 5.5, P = 0.81). Thus, the global neuron activity in M1 of the 2DG-Repeating monkey was similar to that of the 2DG-Random monkey. However, for the 2DG-Repeating monkey, we found a notable mismatch between local 2DG uptake and local neuron activity. Neurons recorded in regions of low and high uptake of 2DG could have comparable average firing rates and modulation in activity ( Figs. 5 and 6) . Unlike for the the 2DG-Random monkey, we found no significant correlation in the 2DG-Repeating monkey between local 2DG uptake and local neuron activity (linear regression, n = 81, r = −0.21; ANOVA, d.f. = 1, 79, P = 1 after Bonferroni correction; Online Methods and Fig. 7c ).
To examine further the relationship between the local average firing rate and local 2DG uptake, we defined electrode penetrations as falling in regions of low or high 2DG uptake in the 2DG-Repeating monkey. Low regions were defined as uptake ≤10% and at least 0.5 mm away from a site of high uptake (≥15%). Overall, the average firing rate of neurons recorded in penetrations through regions of low uptake of 2DG (n = 52) was 16.7 ± 8.3 spikes s −1 (Fig. 7c) . This rate was not significantly different from that of neurons recorded in penetrations through regions of high uptake of 2DG (n = 15) in the same monkey ( Figure 6 Single-neuron activity in a penetration through an area of low 2DG uptake (monkey N14). As in Figure 5 , rasters and histograms illustrate the activity of four neurons recorded in penetration location "b" in Figure 3d . 2DG uptake at this site was relatively low (-3%). Figure 7 Relation between local average 2DG uptake and neuron activity. (a,b) The 2DG uptake data for the 2DG-Random monkey in Figure 3b (a) and for the 2DG-Repeating monkey in Figure 3d (b) are shown on an expanded color scale to reveal lower levels of 2DG uptake. Black or white circles are centered at penetration sites and scaled to the average firing rate in each microelectrode penetration. Only penetrations in cortex exposed on the surface are shown. Conventions are as in Figure 1 . (c) Local average firing rate plotted against average 2DG uptake for each penetration site in the 2DG-Random monkey (N15, n = 50), and the 2DG-Repeating monkey (N14, n = 81) in penetrations through areas of ≥15% 2DG uptake (high 2DG uptake) and <15% 2DG uptake (low 2DG uptake). The regression lines are based on the activity averages for all penetrations on the precentral gyrus of each monkey. For comparison, the average uptake of 2DG in a control area (anterior cingulate cortex) is shown by the dashed line ± 1 s.d. (shaded area). npg a r t I C l e S P = 0.57; Fig. 7c ). It is noteworthy that the range of average firing rates in the 2DG-Repeating monkey was similar to the range in the 2DG-Random monkey (Fig. 7c) . The recordings in the 2DG-Repeating monkey clearly demonstrate that there was substantial neuron activity in arm M1 even at sites where there was low uptake of 2DG. Thus, local uptake of 2DG was not a reliable indicator of local neuron activity in M1 in a monkey that performed highly skilled, internally generated sequences of movement.
DISCUSSION
There are two surprising results from this study. First, we found that uptake of 2DG in arm M1 is unexpectedly low in monkeys that performed highly practiced, internally generated sequences of movements. Second, the low uptake of 2DG was not matched by low neuron activity in the same area. Neuron activity in arm M1 during internally generated movements was comparable to that observed during visually guided movements. Thus, we found a marked dissociation between metabolic and neuron activity in M1. Each of these observations raises distinct issues, which we discuss below.
What factors contribute to low uptake of 2DG in arm M1? It is noteworthy that we observed low uptake of 2DG in arm M1 in all of the monkeys that performed internally generated movements, whether these movements were performed during the Rem or Repeating tasks. In contrast, we observed marked uptake of 2DG in the arm area in all monkeys that performed visually guided movements whether these movements were performed during the Track or Random tasks. The reproducibility of these patterns of activation across monkeys and task categories (Rem and Repeating tasks versus Track and Random tasks) indicates that the phenomenon is robust and dependent on the mode of the task rather than performance specifics. The monkeys that displayed low uptake of 2DG for internally generated movements also were trained to perform visually guided movements. Similarly, the monkeys that displayed high uptake of 2DG for visually guided movements also were trained to perform internally generated movements. Thus, both sets of data came from monkeys with the same training experience. We argue below that the low uptake of 2DG during internally generated movements reflects plastic mechanisms associated with motor learning and long-term practice of a motor skill. Before doing so, we provide evidence against five alternative explanations. First, the low uptake of 2DG was not an artifact of 2DG analysis. Our analysis relied on semiquantitative measures of 2DG uptake relative to background (leg M1) and peak activation (face area of the primary somatosensory cortex). Relative measures (for example, z scores) are widely used in neuroimaging but must be applied with caution for comparisons between subjects. For example, wide fluctuations in the metabolic rate of the areas referenced for normalization could affect between-subject comparisons. In our case, all monkeys had similar patterns of activation in multiple cortical areas (Supplementary Fig. 6 ), including the two areas used for normalization. The basic pattern of activation we observed in areas outside of arm M1 is comparable to that seen by others using different analysis methods in monkeys performing similar behavioral tasks [27] [28] [29] . In addition, using other normalization procedures, such as normalizing based on background uptake of 2DG only, gave essentially the same results. Thus, the low uptake of 2DG in arm M1 of monkeys who performed internally generated movements is not a consequence of our analysis methods. Second, the low uptake of 2DG was not a reflection of movement parameters. It would not be surprising to see altered uptake of 2DG if movement parameters during two tasks differed markedly. However, we did not see consistent differences in kinematics or muscle activity between the visually guided and internally generated tasks ( Supplementary Fig. 1 and Supplementary Tables 1 and 2; refs. 20,30). Thus, the difference between uptake of 2DG in M1 for the two task categories cannot be explained by the minor variations in motor output that occurred during the tasks. Third, the low uptake of 2DG was not a consequence of reduced visual input. The two task categories differed notably in the use of visual signals. However, M1 neurons do not respond to simple visual stimuli and are poorly responsive to visual cues used as instruction signals for movement [31] [32] [33] . In our tasks, the visual cues that specify where to move were replaced by internal instruction signals that direct movement. Thus, any reduction in synaptic input to guide movement based on vision must be compensated by input from another source to internally generate movement.
Fourth, the low uptake of 2DG was not a 'repetition-suppression' effect. Because we observed decreased uptake of 2DG during the performance of highly practiced, repeating or familiar sequences of movement, one could argue that it is linked to repetition suppression. Repetition suppression is the attenuation of stimulus-evoked neural activity observed on stimulus repetition 34, 35 . A similar reduction in BOLD responses has been observed in M1 with movement repetition 36 . However, neuron recordings in M1 during the Rem task 37 and Repeating task 20 provide no evidence of repetition suppression of neural activity during the performance of these tasks. For example, we compared the magnitude of neural activity in M1 for the same movement during the Random and Repeating tasks 20 . If repetition suppression were a major factor, then the majority of neurons would exhibit reduced activity during the Repeating task. On the contrary, 68% of the differentially active neurons were more active for the Repeating movements than for the Random movements. Extending this analysis to all neurons sampled confirmed that the average discharge rate was quite similar during the Repeating task (22.5 spikes s −1 ) and Random task (23.2 spikes s −1 ) (234 neurons × 6 moves; Wilkoxon signed-rank test, P = 0.003). Thus, the marked differences in uptake of 2DG during the tasks cannot be explained by repetition suppression. Fifth, the low uptake of 2DG was not a general-use effect. Our monkeys trained on the various reaching tasks for ~10-74 months. Extended practice in and of itself could result in alterations in uptake of 2DG. For example, motor exercise in rats results in structural changes in M1 such as angiogenesis 38 . However, our monkeys displayed patterns of 2DG uptake that were task-dependent and not use-dependent. For example, monkeys N11 and N13 were trained for 10-12 months on the Random and Repeating tasks. Monkey N11 displayed pronounced uptake of 2DG in arm M1 during the Random task ( Fig. 3a) , whereas monkey N13 did not do so during the Repeating task (Fig. 3c) . Monkey N14 was trained 37 months on the Random and Repeating tasks. During the 2DG infusion, monkey N14 performed the internally generated task (Repeating task) and displayed low uptake of 2DG in arm M1 (Fig. 3d) . In contrast, monkey N15 was trained for 74 months on the Random and Repeating tasks. During the 2DG infusion, this monkey performed the visually guided task (Random task) and exhibited high uptake of 2DG in arm M1 (Fig. 3b) . Clearly, low uptake of 2DG was a consequence of performing the internally generated tasks at a high level of motor skill.
Low uptake of 2DG is associated with motor skill Extended practice is a critical requirement for the skilled performance of internally guided movements. For the Repeating task, continued practice was accompanied by incremental improvements in npg a r t I C l e S performance even after 1 year of training 20 . In addition, the amount of practice on the internally generated tasks was inversely correlated with uptake of 2DG in arm M1. These observations imply that the reduction in uptake of 2DG is related to a monkey's skill in performing the movements of an internally generated task.
Uptake of 2DG is thought to be most closely associated with presynaptic activity at both excitatory and inhibitory synapses 26, 39 . Therefore, the most likely explanation for the low uptake of 2DG in M1 during internally generated movements is that synaptic activity during these movements is reduced relative to the synaptic activity for visually guided movements. In other words, our results suggest that the development of skill through extended practice on an internally generated sequence of movements results in a reduction in the synaptic activity required to produce the neural activity necessary to generate the movements.
In general, metabolic processes and hemodynamic measures of cerebral activity are tightly coupled 40 . For this reason, 2DG analyses and other measures of 'functional activation' , such as the BOLD signal of fMRI, should be similarly modulated. Our results predict that the magnitude and/or the extent of the BOLD signal for a task requiring internally generated movements should decrease with the development of skilled performance as a consequence of extended practice (months to years). This prediction is supported by the relative reduction in M1 activation seen in professional musicians during the performance of a practiced task 9, 10 . We want to emphasize that our results are relevant only for studies of activation after long-term practice. In fact, increased activation in M1 and other motor structures is frequently seen in unskilled subjects after short periods of training (a single session to a few weeks) 3, [41] [42] [43] . For example, increased activation in hand M1 is associated with practice on an internally generated finger opposition sequence 41 . M1 activation reached an asymptote after 3 weeks of training. By comparison, the shortest training duration on an internally generated sequence in our experiments was 30 weeks. The negative correlation between peak uptake of 2DG and training duration that we found suggests that extensive training is a critical element for our results. It is also noteworthy that the subjects in ref. 41 performed the finger opposition sequence as fast as possible during practice sessions but performed at a fixed movement rate (2 Hz) during scanning. The additional timing requirement during scanning may have influenced the activation observed in M1.
Dissociation of neuron activity and uptake of 2DG in arm M1
Perhaps the most surprising observation of our study is the dissociation between metabolic activity and neuron activity in M1. Prior studies have revealed uptake of 2DG to be spatially coincident with cortical sites where neurons are active 24, 44, 45 . It is possible for an increase in uptake of 2DG to occur without a concomitant increase in neuron activity 26 . For example, inhibitory synaptic activity can result in increased uptake of 2DG 46 . However, we are not aware of prior examples in which uptake of 2DG decreased but neuron activity remained unaltered.
As noted above, BOLD signals in M1 during the performance of sequential movements are lower in professional musicians than in unskilled subjects. Our results suggest that the lower signal may occur without a concomitant reduction in neuron activity. We believe that the development of expertise through extended practice is a special circumstance that leads to a reduction in overall synaptic activity, which is not accompanied by a reduction in spiking activity.
At this point we can only speculate about the origin of the dissociation between synaptic activity and cellular activity. Training on a motor skill engages multiple plastic mechanisms in M1 such as long-term potentiation, synaptogenesis, circuit reorganization and modifications of cortical dynamics [47] [48] [49] [50] . As a consequence, processing in M1 may become more efficient. At the neural level, efficiency can be expressed through any number of processes such as changes in synaptic efficacy, relocation of active synapses to more effective sites and synchronization of synaptic activity. The end result would be what we observed: less synaptic activity is required to generate a given amount of neuronal activity. Whatever the mechanism, our observations prompt new caution for the interpretation of functional imaging results, particularly in the context of skilled performance acquired through extended practice. Low activation is not always a sign of low neuronal activity. Instead, it may be a reflection of plastic mechanisms involved in the development of expertise.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
ONLINE METHODS
We trained 12 monkeys (Macaca nemestrina or M. mulatta, 3.1-10.4 kg, 6 females) to perform sequential reaching tasks or a control task. The care of the monkeys and the experimental protocols adhered to the US National Institutes of Health Guide for the Care and Use of Laboratory Monkeys and the US Public Health Service Policy on Humane Care and Use of Laboratory Monkeys. All procedures used followed institutional guidelines and were approved by the Institutional Monkey Care and Use Committee. The monkeys were singly housed with a 12 h-12 h light-dark cycle. We performed all experiments during the light cycle. Data collection and analysis were not performed blinded to the conditions of the experiments, nor processed randomly. For all statistical comparisons, we tested for data normality using the Shapiro-Wilk test and equality of variances using Levene's test. Based on this, we selected parametric or nonparametric tests for specific comparisons. In cases where data normality could not be evaluated (that is, samples of n = 2 for individual task comparisons), we assumed a normal distribution of the data. We report two-sided probabilities.
Behavioral tasks. Ten monkeys were trained to perform two of four sequential reaching tasks with the right arm 20, 31 . In two of the tasks, the sequences of movement were visually guided (Track, n = 2; Random, n = 3). In the other two tasks, the sequences were internally generated (Rem, n = 2; Repeating, n = 3). No statistical methods were used to predetermine group sizes. Our group sizes are similar to those reported in previous publications [27] [28] [29] 37, 44, 45 . Monkeys were assigned to their experimental group based on need and availability.
In the track task, two monkeys faced a panel with five touch-sensitive targets positioned in a horizontal row. Red light-emitting diodes (LEDs) located above each target served as instruction cue. The monkey placed its hand on a hold key to initiate a trial. An auditory tone signaled contact with the hold key. The monkey had to maintain contact with the hold key for a variable time (0.6-1.5 s). At the end of the hold period, one target cue was lit, and a brief auditory 'Go' signal was presented. The monkey had to release the hold key and quickly (<1 s) contact the cued target. A correct response immediately triggered the illumination of a second target cue over another target. The monkey had to quickly move from the first to the second target. A third cycle of cue-target contact followed. A brief tone signaled the correct completion of the movement sequence, and the monkey received fruit juice. If the monkey made an error, the trial was aborted, and the same set of target cues was repeated on the next trial. Otherwise, a new trial was initiated with a different sequence selected pseudorandomly from a set of eight. Trials were separated by 1.1-1.5 s intervals. The monkeys were also trained on the Rem task and alternated between the two within training sessions. For the 2DG experiments, they only performed the Track task. During the 2DG experiment, the two monkeys performed correctly on 97% and 98% of the trials.
In the Rem task, the two monkeys trained on the Rem task were also trained on the Track task and alternated between the two within training sessions. For the 2DG experiment, they performed the Rem task exclusively. The monkey placed its hand on a hold key to initiate a trial. At the end of the hold period, three LEDs, each above a target, were illuminated in sequence. The LEDs served as instruction cues for the upcoming reaching movements. The LEDs remained illuminated until the end of the trial. The monkey had to keep its hand on the hold key until the Go signal was given, 1.25-2.15 s after presentation of the instruction cues. After the Go signal, the monkeys had to release the hold key and quickly contact each of the three targets in the instructed order. Thus, the series of movements that the monkeys made on each trial were based on memorized sequence information. Correct completion of the sequence was signaled and rewarded as above. The sequences of movements performed in the Rem task were the same as those performed in the Track task. At the time of the 2DG experiment, the monkeys performed correctly on ~90% of the trials.
In the Random task, three monkeys performed continuous reaching movements to visual targets. The monkeys were also trained on the Repeating task and alternated between the two tasks within training sessions. For the 2DG experiment, they performed the Random task exclusively. The monkey faced a touch-sensitive monitor that displayed the outlines of five targets arranged in a horizontal row. On each trial, one of the targets was colored yellow. The targets were randomly selected without repetition. The monkeys had to quickly (<800 ms) touch the filled target. Contact outside of the target area was signaled with an error tone. Trials were repeated at the occurrence of an incorrect response. Correct contact within the filled target was indicated by a brief tone. A new target was filled 100 ms after a correct response, and the monkey again had to quickly touch the indicated target. This way the monkey performed continuously, moving from one target directly to the next without pause. The monkey received water after every fourth correct response. During the 2DG experiments, the monkeys performed correctly on 93%, 96% and 98% of the trials.
In the Repeating task, three monkeys performed repeating sequences of reaching movements. The monkeys were also trained on the Random task and alternated between the two within training sessions. For the 2DG experiment, they performed the Repeating task exclusively. In the Repeating task, the targets followed a repeating sequence, three elements long. A new target was colored yellow 400 ms after a correct response. The task allowed the monkeys to contact the next target in the sequence during the 400 ms delay before it was shown. When the monkeys made these predictive responses, the task was incremented to the next element of the sequence without display of the touched target. As a result, the monkeys could perform continuously without visual cues. The monkeys received water after every fifth correct response. During the 2DG experiments, the monkeys performed correctly on 90%, 96% and 97% of the trials. They made predictive responses without visual cues on 92%, 96% and 94% of correct trials.
In the Lick task, to control for activations that were not directly related to the performance of the reaching movements, we trained another two monkeys to perform a licking task. In the Lick task, the monkey faced the panel of targets used for the Track and Rem tasks. No arm movement was required. The monkey received fruit juice at variable intervals. Visual and auditory signals comparable to those of the Track and Rem tasks were generated. However, these signals were meaningless for the Lick task and the monkeys did not respond to them.
The 2dg experiments. For the 2DG experiments, five monkeys performed a visually guided task, five monkeys performed an internally generated task and two monkeys performed the Lick task. We followed conventional procedures for semiquantitative analysis of 2DG uptake as previously described 22 . On the day of the 2DG experiment, the monkeys performed the trained task after receiving an intravenous injection of [ 14 C]2DG in sterile saline (60-100 µCi/kg, 55 mCi/mmol, American Radiolabeled Chemicals). After 35-45 min the monkey was quickly perfused, the brain was extracted, frozen and kept at −70 °C for later processing. Autoradiographs of 30-µm-thick brain sections (25 µm for monkey N1) were digitized at a pixel resolution of 55-77 µm by 45-62 µm and transformed to 14 C concentration values based on calibrated standards applied to each film. Average 14 C values in the middle cortical layers were used as the local measurements of activation in our maps of M1. These maps were constructed using sections spaced 90 µm apart (100 µm for N1) and were smoothed slightly for illustration only.
To compare patterns of activation between monkeys, we transformed 14 C concentration values to a normalized activation scale (percentage of 2DG uptake). To accomplish this, the range of activation was defined as the difference between peak 14 C tissue concentration and background concentration. Peak concentration was measured in the face representation of the primary somatosensory cortex on the precentral gyrus where 2DG uptake was always high. We measured background cortical concentration in a portion of the leg representation of M1 on the precentral gyrus where 2DG uptake was consistently low. The values assigned to peak and background were the median 14 C concentration in a 2 mm 2 area in each region. 14 C concentration value of each pixel was expressed as a percentage of the range determined for each monkey. We validated the normalization for the group of 12 monkeys included here as described previously 22 (Supplementary Fig. 6 ). Normalizing the 2DG data relative to background uptake did not influence the conclusions (data not shown). Indeed, there was a high correlation between data normalized relative to the full range of 2DG uptake and that normalized relative to background uptake (r = 0.97, measured across subjects for two areas of interest in arm M1 and three in control areas).
We outlined the location of arm M1 based on data from prior anatomical and physiological studies (Fig. 1a) . Only activations in the left hemisphere (contralateral to the moving arm) were examined. We measured activation separately for the portion of M1 on the precentral gyrus and in the central sulcus because of the growing evidence for their anatomical and functional distinction 51 . We obtained global measures of activation by calculating the median 2DG uptake across all pixels in the rostral (gyrus) and caudal (sulcus) portions of arm M1. We obtained peak activation measures from the median value in 2 mm 2 areas of interest centered on the most intensely activated region of rostral and caudal M1.
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We quantified the extent of activation as the percentage of pixels in arm M1 that were ≥3 s.d. above background (corresponding to 22-24%).
comparison of neuron activity and 2dg uptake. For each of two monkeys, we recorded the activity of neurons in M1 during the Random and Repeating tasks before the 2DG experiments. We used conventional recording techniques described in ref. 20 . In one of these monkeys (N14), we subsequently measured 2DG uptake in M1 during the Repeating task. In the other monkey (N15), we measured 2DG uptake during the Random task.
The sample of neurons considered in the current analysis included, but was not limited to, the neurons described in ref. 20 . We recorded from a wide area in M1 including axial, proximal and distal representations. Most penetrations were made in the precentral gyrus (Fig. 7a,b) . The database includes a total of 714 task-related and unrelated neurons (502 from monkey N14 and 212 from monkey N15) sampled during 95 (N14) and 52 (N15) penetrations. Neurons were sampled across the cortical thickness with a similar distribution in the two monkeys (Supplementary Fig. 7) . The median number of neurons recorded in electrode penetrations of both monkeys was 4. For each neuron, we calculated the average discharge frequency as the average spike count per trial divided by the average trial time, scaled to spikes per second. We calculated separately the spikes per second in correct trials and in three types of error trials (no response, wrong target touched and corrective responses). We then calculated the estimated activity for the 2DG session as the weighted average of spikes per second in the four trial types based on their proportion in the session of the 2DG experiment. This measure of neuron activity parallels the cumulative uptake of 2DG during the experimental session. To correct for slight differences in the duration of the 2DG experiments, and thus the total activity associated with it, we calculated the total amount of spikes for each neuron as the neuron's average firing rate multiplied by the duration of the experiment.
For illustration, we generated histograms of activity representing the average spike counts in 10-ms time bins (scaled to spikes per second) for correct trials aligned on the time of a target hit or release. Histograms were derived for single neurons and single moves (for example, Figs. 5 and 6) , or collapsed across moves to show cumulative activity on a longer time scale (for example, Supplementary Figs. 2-5) .
We examined the relationship between local neuron activity and local 2DG uptake with a linear regression analysis. For this purpose, we calculated several measures of neuron activity: the average firing rate (spikes per second, as described above), the average of peak activity measured in any three consecutive 20-ms bins on each trial, weighted by trial type as described above for spikes per second, and the average modulation of activity (peak value minus the lowest value in any three consecutive 20-ms bins on each trial), weighted by trial type as described above. However, peak frequency and modulation of activity were strongly correlated with the average firing rate in both monkeys (2DG-Random monkey, r = 0.88 and 0.92; ANOVA, d.f. = 1, 212, P < 0.001; 2DG-Repeating monkey, r = 0.90 and 0.95; ANOVA, d.f. = 1,502, P < 0.001). Consequently, using peak or modulation measures for the regression with 2DG uptake gave results similar to the analysis using the average firing rate. Thus, for the sake of brevity, we report only the relation between average firing rate and 2DG uptake. This choice is also congruent with the fact that 2DG uptake represents the integrated rate of metabolism over a long period of time 21 and the association between total neuronal activity and neuroenergetics 52 . Thus, average neuron activity is the most appropriate measure for comparison with 2DG uptake.
Because of the greater uncertainty in the location of recordings along the anterior bank of the central sulcus, we included only penetration sites on the precentral gyrus in the regression analysis. We averaged the firing rate of all neurons at each recording site. For each monkey, the two-dimensional grid of neuron activity was registered with the two-dimensional grid of 2DG uptake in M1.
We averaged the 2DG uptake in a 100 µm by 100 µm area centered at each penetration site. In monkey N14 (2DG-Repeating monkey), the initial registration of 2DG and neuron data was based on the location of three small electrolytic lesions made in the white matter of M1 5 d before the 2DG experiment. In monkey N15 (2DG-Random monkey), the initial registration was performed by matching the location and course of the central sulcus in the reconstructed 2DG data to photographs of the monkey's brain (through the exposed dura) and fitting the map of M1 obtained with intracortical microstimulation 20 to anatomical landmarks. Although these procedures provided a good fit, we could not rule out the possibility of a small registration error between the two data sets. With this concern in mind, we recomputed the regression analysis following multiple combinations of rotation and translation of one data set relative to the other. Rotations of up to ± 6° were performed in 2° increments, and translations of up to ± 1 mm were performed in 0.1-mm increments in the anterior-posterior and medio-lateral directions. The probabilities in these calculations were adjusted using Bonferroni correction. Alterations in alignment as large as ± 0.5 mm in all directions, and rotations as large as ± 6° gave similar results. In fact, neighboring pixels in maps of 2DG activity (pixels within 0.5 mm of each other) are highly correlated (spatial correlogram, r ~0.7). This makes the analysis of the relationship between 2DG and neural activity robust to small differences in registration.
Relation between 2dg uptake and performance parameters. We examined the relation between 2DG uptake in arm M1 and each performance parameter (Supplementary Tables 1 and 2) using a regression analysis. Previous studies in monkeys and humans have shown positive linear relations between neuron activity or metabolic signals in M1 and movement parameters such as velocity or amplitude within the range of the present study [53] [54] [55] [56] [57] [58] [59] . Based on this, we used linear models (least-squares) for our analyses. In each case, the significance of the association was assessed with an ANOVA. The regressions were calculated for the average of 2DG uptake on the precentral gyrus and in the anterior bank of the central sulcus for each monkey (Supplementary Fig. 1 ). In addition, we performed a multiple regression analysis to assess the joint influence of performance parameters on 2DG uptake. Several parameters could not be included in the regression model due to strong multicollinearity. The most complete model that could be tested without multicollinearity confounds included: constant, number of rewards, movement rate, reward rate, movement speed and movement amplitude. We found no significant relation between 2DG uptake and any performance parameter (Supplementary Fig. 1 ).
